A DC current, which was driven by the self-bias voltage, could be conducted in a radio-frequency-powered glow discharge plasma by connecting a low-pass filter circuit and a load resistor with the discharge tube. This current enhanced the intensity of emission spectra from the plasma largely. The intensities of iron atomic lines increased 35 -50 times, whereas the sputtering rate was not changed by the current introduction. Boltzmann plots for iron atomic (Fe I) and ionic lines (Fe II) were investigated when the bias current was conducted, so that the excitation process relating to the intensity increase could be clarified. While the excitation temperature of the Fe I lines was slightly changed (3000 -3600 K), that of the Fe II lines was drastically reduced from 7600 to 4300 K, which was close to the temperature of the Fe I lines at higher bias currents. Therefore, the plasma was changed towards an LTE condition so that both the Fe I and the Fe II lines could be excited through a common major process. The bias-current enhanced the density of electrons enabling low-lying excited energy levels (3 -5 eV) of iron atom/ion to be much more populated, and they became the major colliding partners for the excitation of these iron species.
Introduction
A radio-frequency-powered (RF) glow discharge plasma is extensively employed as the radiation source in optical emission spectrometry (GD-OES), instead of a conventional direct-current (DC) plasma. 1, 2 The merits of the RF plasma extended the application of GD-OES to various kinds of samples: for instance, surface coating on a non-conductive substrate can be analyzed by using a similar handling for conductive samples, 3, 4 which can attract more concern on surface analysis by using GD-OES.
We have reported an advanced method for the RF GD-OES, which is based on a modification of the self-bias voltage, to improve the limit of determination as well as the analytical precision. 5, 6 The self-bias phenomenon in an RF glow discharge plasma plays an important role in sustaining a stable plasma as well as in sputtering of the sample electrode. 7 Our method suggested that a DC current could be introduced into the RF plasma by connecting an electric circuit, comprising a low-pass filter and a load resistor, with an RF glow discharge tube, leading to more intense emission of spectral lines without making the plasma unstable. 5 The emission intensity of several atomic lines was enhanced by a factor of 10 -20, 6 which could contribute to an improvement of the detection limits in the determination of several alloyed elements in steel samples. 8 More recently, we reported that a pulsation of the bias current enabled the emission intensity to be measured with better signal-to-noise and signal-to-background ratios because a modulation detection technique using a fast Fourier transform analyzer could be applied to detect the emission signal selectively. 9, 10 For optimization of the measuring parameters in this method, it is important to understand how the DC current affects the excitation process of emission spectra from the RF glow discharge plasma. Our previous paper indicated that, when many nickel emission lines were measured with and without the bias-current introduction, the bias current changed their emission intensities in different manners that were determined principally by their excitation energies. 11 However, no results on plasma diagnosis, yielding several plasma parameters, have been reported, even though they would support a spectrochemical discussion on the excitation mechanism of the bias current.
A glow discharge plasma is not in local thermodynamic equilibrium (LTE), where a discussion based on any statistical distribution would be meaningless because each excited level could be populated through the individual excitation and de-excitation processes. The non-LTE plasma cannot be characterized by a unique temperature. However, we have reported that the Boltzmann plots can be fitted on linear relationships in the case of both neutral and singly-ionized iron atoms having relatively small excitation energies, implying that their excitations would be controlled principally by energetic particles having Maxwell-like energy distribution, which probably are electrons in the negative glow region. 12, 13 In this paper, we investigate Boltzmann plots for emission lines of iron neutral atoms as well as singly-ionized atoms when the bias current is introduced, in order to determine the influence of the bias-current on the electron energy distribution in the plasma. A study on the reason why the bias current enhances the emission intensity of particular emission lines is available.
Experimental
The principle and the apparatus of the DC bias-current introduction, 5, 6 and the figure of merit in the analytical application 8 have already been described elsewhere. This method is briefly reviewed here to explain the following measurements. Figure 1 shows a schematic drawing of an RF-powered glow discharge plasma when a DC current is conducted. A simplified diagram of the potential distribution is also presented in this figure (see Fig. 1(b) ). An RF glow discharge induces a DC potential, called a self-bias voltage, 7 in the cathode sheath region between the powered electrode (cathode sample) and the plasma (negative glow). The magnitude of the self-bias voltage is determined by various experimental parameters such as RF frequency, RF power, the pressure of plasma gas, and the electrode arrangement. This effect is because of a large difference in the mobility between positive ions and electrons in the plasma, and most of the DC potential appears negatively near the powered electrode, thus leading to the development of an impedance sheath near the powered electrode, 7 which is called a cathode voltage drop in a DC glow discharge plasma. The self-bias voltage causes sample atoms to be ejected by ion bombardment, just similar to cathode sputtering in the DC glow discharge plasma. In a conventional RF discharge, no DC current is generated by the self-bias voltage.
Principle of bias-current introduction
The self-bias voltage can be separated through a low-pass filter circuit, and further, a DC current can be conducted by connecting a variable load resistor. We call this current a bias current. 5 The bias current can induce higher electron flows into the plasma than is possible without the bias current; therefore, more electrons in the plasma cause various collision processes with analyte species and eventually their excitations occur more actively. The bias current could also change the energy distribution of electrons in the plasma and thus would affect the excitation efficiency to each energy level of analyte atom depending on the excitation energy, which leads to different relative intensities of the emission lines from those with no bias current. In this paper, this difference is discussed.
Apparatus and measuring conditions
A glow discharge emission source was made in our laboratory according to an original model by Grimm, 14 where the inner diameter of the hollow anode was 8.0 mm and the distance between the anode and cathode sample was adjusted to be 0.2 -0.4 mm. A 13.56-MHz radio-frequency power generator (SRF-02A, Sindengen Electric Mfg. Corp., Japan) associated with a matching box (SMB-02, Sindengen Electric Mfg. Corp., Japan) was employed to generate an RF glow discharge plasma. The self-bias voltage could be separated through a low-pass filter circuit having a cut-off frequency of 80 kHz (laboratory-made), and further, a variable load resistor was serially connected to conduct the bias current. The bias voltage/current were recorded with digital volt/current meters. The reflected RF power could be controlled to be almost zero even when larger bias current was conducted.
The emission signal was dispersed and detected on a scanning spectrometer (P-5200, Hitachi Corp., Japan) equipped with a photomultiplier tube (R-955, Hamamatsu Photonics, Japan). The focal length is 0.75 m. The grating has 3600 grooves/mm and a blazing wavelength of 200 nm, yielding a reciprocal linear dispersion of 0.29 nm/mm.
High-purity argon (>99.999%) was introduced as the plasma gas after evacuating the chamber to below 10 Pa. In all the following measurements, the pressure of argon was regulated to be 5.3 × 10 2 Pa with a needle valve on a calibrated Pirani gauge (GP-2T, ULVAC Corp., Japan).
Pure iron plates were prepared for the sample. The surfaces were mechanically polished with water-proof emery papers and then rinsed with ethanol. Pre-discharges for ca. 20 min were carried out to obtain a stable discharge condition without any influence of surface contaminants. Table 1 lists iron atomic and ionic lines as well as their assignments employed for estimating Boltzmann distribution. In this study, 26 emission lines of iron atom (Fe I), whose excitation energies ranged from 3.36 to 4.83 eV, were chosen in the wavelength range of 368 -384 nm. Furthermore, 35 emission lines of singly-ionized iron (Fe II), whose excitation energies ranged from 4.76 to 5.62 eV, were chosen in the wavelength range of 233 -262 nm. The details are summarized in Table 1 , which also includes the transition probability for all the iron lines. Their assignments were based on an energy level table complied by Suger and Corliss, 15 and their transition probabilities were cited from a data table published by Fuhr and Wiese in 2006. 16 The Boltzmann factor was calculated with no correction in the wavelength-dependence of the sensitivity of the spectrometer, because both the Fe I and the Fe II lines were selected within narrow wavelength ranges. No systematic errors due to the wavelength correction were observed in their Boltzmann plots. Figure 2 shows variations in the bias voltage as a function of the DC bias current, which is controlled by values of the load resistor at an RF forward power of 100 W. In this measurement, the reflected RF power was kept of almost zero. The bias voltage gradually decreased with increasing bias current and fell down to 255 V at an bias current of 39.5 mA. It is expected from this plot that much more reduction in the bias voltage would occur at bias currents of more than 40 mA. The bias voltage works as a battery for conducting the bias current through the plasma; however, a larger drop of the bias voltage would destroy the electrode sheath for maintaining a stable RF glow discharge and eventually cause the plasma to become unstable. Therefore, in this experiment, an allowable bias current was determined to be 40 mA. Figure 3 shows a variation in the sputtering rate of a pure iron plate when the bias current increases up to 28 mA at a fixed power of 100 W, which was estimated from an average depth of the resulting crater using a profilometer. The sputtering rate was not greatly changed by the bias current, meaning that the amounts of sampling were almost constant at bias currents of 0 -28 mA.
Observed iron emission lines

Results and Discussion
Effect of bias current
Figures 4 and 5 show the dependence of the emission intensity of several Fe I and Fe II lines on the bias current at an RF forward power of 100 W. The intensities of all the iron lines are elevated with increasing bias current, which is not due to an increase in the sampling amount, as understood from Fig. 3 , but is due to any change in the excitation process caused by the bias current. The degree of the increment is different among the iron emission lines, depending on the emitting species (Fe I or Fe II) as well as on their excitation energies. Figure 6 shows a dependence of an enhancement factor for the observed Fe I and Fe II lines on the excitation energy, where the factor is defined as a ratio of the emission intensity at a bias current of 39.5 mA (or 39.6 mA in the Fe II lines) to that at no bias current. The enhancement factors for the Fe I lines were slightly elevated from 35 to 50 with increasing the excitation energy, whereas the factors for the Fe II lines became generally smaller compared to the Fe I lines and decreased with an increase in the excitation energy. The Fe II lines having excitation energies of 5.2 -5.6 eV yielded enhancement factors of less than 10. Similar results were observed in atomic and ionic lines of nickel. 11 These dependencies of the emission intensities on the excitation energy would imply that the energy distribution of electrons in the plasma was altered by the bias current to be more favorable for the excitation of iron lines requiring the smaller excitation energies. Figure 7 shows plots of the Boltzmann variable for the Fe I lines when the bias current is introduced. The emission intensities were estimated from triplicate measurements. Average values of the relative standard deviation were 0.65% at an bias current of 0.0 mA, 0.38% at 17.5 mA, and 0.18% at 33.0 mA, for 23 Fe I lines having excitation energies of 3.3 -4.3 eV; therefore, error bars of these plots were included in the corresponding circle symbols due to their small variations. The data points in an excitation energy range from 3.3 to 4.3 eV followed a linear relationship with negative slopes whose correlation coefficients were -0.9957 at an bias current of 0.0 mA, -0.9968 at 17.5 mA, and -0.9966 at 33.0 mA. Accordingly, the excited levels of 3.3 -4.3 eV are populated according to Boltzmann statistics, implying that a statistical excitation process would control the population among their excited energy levels dominantly. In this case, an excitation temperature can be assumed to characterize the dominant excitation process. The excitation process generally results from collisions with energetic particles to give their kinetic energies to other particles in the plasma, which is called the collision of first kind. 17 The slopes were found to be similar; therefore, the excitation temperature for the Fe I lines was not changed so much by the bias-current to the plasma. Figure 8 shows Boltzmann plots of the Fe II lines with and without the bias-current introduction. The emission intensities were estimated from triplicate measurements. The emission intensities could be measured with good precision, because their relative standard deviations ranged from 0.1 to 1.4% except for a few faint emission lines: average values of the relative standard deviation were 0.78% at an bias current of 0.0 mA and 0.63% at 33.2 mA, for 35 Fe II lines having excitation energies of 4.8 -5.6 eV. Therefore, each error bar was in most cases included in the circle symbol used to mark the experimental data points. The data points in an excitation energy range from 4.8 to 5.6 eV followed a linear relationship with a negative slope whose correlation coefficients were -0.8703 at an bias current of 0.0 mA and -0.9532 at 33.2 mA, although these plots had some deviations from a straight line. The deviations would be because these ionic excited levels may be populated through several channels including statistical and non-statistical processes, due to the complexity of the ionization/excitation channels. 13 This leads to an error for the analysis of Boltzmann statistics; however, a linear relationship is clearly recognized in each Boltzmann plot of Fig. 8 and thus a dominant statistical excitation process would be assumed to control their population. Differing from the result of Fe I lines (Fig. 7) , the slopes of the Boltzmann plot were largely varied by introducing the bias current, from -1.5222 at 0.0 mA to -2.7050 at 33.2 mA, to decrease the excitation temperature for the Fe II lines. It is thus considered that the bias-currents play any different role in modifying the excitations between the Fe I and the Fe II lines. Figure 9 indicates variations in the excitation temperature estimated from the Fe I lines and the Fe II lines when the bias current flows up to 39.6 mA. A large difference in the excitation temperature at an bias current of 0.0 mA would be derived from the fact that the Fe I and the Fe II lines are emitted through each dominant excitation process (any different excitation process between iron atom and iron ion), which confirms that the RF glow discharge plasma is not in LTE. Large differences in the excitation temperature were found in DC glow discharge plasmas. [18] [19] [20] It was found in the case of chromium that the excitation temperature for the ionic line was much higher than that for the atomic line in a radiation source of DC glow discharge. 19 The bias-current drastically altered the relative population among their excited levels so that the excitation temperature could be lowered, whereas the emission intensities of the Fe II lines were generally enhanced (see Fig. 5 ). The reason for decreasing the excitation temperature is not due to the quenching phenomenon but is due to any additional excitation which is effective for the corresponding excited levels of iron ion.
Boltzmann plot
Excitation mechanism
We have reported on the Boltzmann distribution among excited levels of iron neutral atom and the excitation mechanism when a DC glow discharge plasma is employed as the radiation source. 12 As similar to the result in the RF plasma as shown in Fig. 7 , a linear relationship of the Boltzmann plot was observed at the excitation energies of 3.3 -4.3 eV also in the DC plasma. 12 Furthermore, the excitation temperatures were 3000 -3500 K in both of the plasmas. It is thus supposed that the excitation mechanisms would be very similar to each other.
In a DC glow discharge plasma, inelastic collisions with electrons in the negative glow region are a major excitation channel for atomic emission lines having relatively low excitation energy, because the kinetic energy of gas species in a glow discharge plasma is relatively small and thus the characteristic gas temperature is too low to excite the atomic emission. Therefore, the dominant excitation process occurring in the plasma is not due to collisions with gas particles but is due to collisions with various electrons in the plasma. It is known that electrons in a glow discharge plasma belong to three different groups: primary electrons ejected from the cathode surface, secondary electrons produced through collisions between primary electrons and gas species, and ultimate electrons trapped in the negative glow region by the plasma potential. 7 Therefore, several channels for the excitations of iron atom can be considered as follows:
Fe g + e -(primary) → Fe* + e -(slow), in the cathode sheath region, (1) Fe g + e -(secondary or ultimate) → Fe* + e -(slow), in the negative glow region, (2) where the superscripts g and * mean a ground state and an excited state, respectively. The kinetic energy of the primary electrons should increase with increasing discharge voltages; however, the accelerated primary electrons take little part in the excitation of iron atom (Eq. (1)), because their kinetic energies are too large to excite the iron atom and their number density is relatively low. The collisions with electrons which are produced secondarily and then trapped in the negative glow region could act as alternative excitation sources for iron species (Eq. (2)), because such electrons have higher number density in the plasma and have kinetic energies suitable for an excitation of iron atom. It is therefore considered that the Boltzmann characteristics of the Fe I lines could be explained by collisions with electrons in the negative glow region in a normal RF glow discharge plasma (without bias-current conduction), indicating that the excitation temperature would correspond to the average kinetic energy of electrons in the negative glow region. When the bias current is introduced via an electric circuit, an additional channel for electron flow is opened, as illustrated schematically in Fig. 1(a) . Electrons induced by the bias-current could enter the negative glow region and take part in excitations of iron atom. This reaction is denoted as follows:
Fe g + e -(bias) → Fe* + e -(slow), in the negative glow region. (3) This collision can enhance the number density of the excited levels of iron atom which are suitable for energy transfer from the bias-current electrons. As shown in Figs. 5 and 7, the emission intensities of the Fe I lines are largely elevated, while the excitation temperature is slightly changed. This effect is probably because the electrons are not accelerated in the negative glow where there is no large change in the electric field.
On the other hand, the excitation process for iron ion is more complicated. 13 Some of the iron atom can be directly ionized through collisions with primary electrons (Eq. (4)). However, the collision of second kind, where internal energy of argon is transferred for the ionization/excitation of iron atom, contributes to the emissions of iron ion more dominantly. 20 It is known that a Penning-type collision with argon metastable atom (Eq. (5)) and a charge-transfer collision with argon ion (Eq. (6)), which are classified into the collision of second kind, 17 become major channels for the ionization. 
Fe + Ar + → Fe + * + Ar g , in the negative glow region, (6) where the superscripts m, g, +, and * mean a metastable state, a ground state, an ionic state, and an excited state, respectively. The charge-transfer collision predominantly determines the emission spectra of iron ion and is suitable for the excitations of iron ion levels having larger excitation energies (7 -8 eV). 13, 20 This type of excitation would increase the excitation temperature for the Fe II lines apparently, and thus lead to a disagreement in the excitation temperature between the Fe I lines and the Fe II lines. Also in the case of iron ion, electron collisions by the bias-current could enhance the population of the excited levels which are suitable for energy transfer from these electrons:
Fe +g + e -(bias) → Fe + * + e -(slow), in the negative glow region. (7) This reaction could work in the same manner as the excitation of the atomic lines (Eq. (3)), implying that the excited levels of iron ion having excitation energies of 3 -5 eV would be populated. On the other hand, our previous study has revealed that the populations of argon metastable atom and argon ion become reduced by introducing the bias current, 11 leading to an decrease in the ionization of iron atom by the collisions in Eqs. (5) and (6) . This effect could explain the fact that the emission intensities of the ionic lines are generally less enhanced than those of the atomic lines, as shown in Fig. 6 . Figure 6 also indicates that the effect of the bias-current is strongly dependent on the excitation energy of iron atom/ion. A probable reason for this is that the bias-current flow produces an energy distribution of electrons in the negative glow region, whose number density increases drastically and whose average kinetic energy is less changed compared to the normal RF glow discharge plasma, because they are not greatly accelerated in the negative glow region. The large decrease in the excitation temperature (see Fig. 9 ) would be attributed to the fact that the major excitation mechanism becomes collisions with bias-current electrons when the bias current increases.
As seen from Fig. 9 , the bias current causes the excitation temperature for the Fe II lines to be largely reduced so that it can be close to that for the Fe I lines. This effect implies that the plasma changes towards a state that a common dominant excitation process occurs through collisions with the bias-current electrons not only for the atomic species but for the ionic species of iron.
Conclusions
Large increases in the emission intensity of Fe I and Fe II lines having excitation energies of 3 -5 eV appeared when the bias-current was conducted in an RF glow discharge plasma. This effect suggested that collisions with the bias-current electrons could principally populate the corresponding energy levels of iron atom/ion. Boltzmann plots of the Fe I and the Fe II lines implied a drastic change in the major excitation mechanism for the Fe II lines in the bias-current introduction. Whereas there was a large disagreement in the excitation temperature between the Fe I and the Fe II lines in the normal RF glow discharge plasma, the excitation temperature for the Fe II lines was reduced to close to that for the Fe I lines with increasing bias current. The major excitation process was changed to be the first-kind collision with the bias-current electrons. It would be the reason for this phenomenon that the plasma was changed towards an LTE condition so that both the Fe I and the Fe II lines could be excited through a common major process by collisions with bias-current electrons, which would follow a Maxwell-like energy distribution.
